Introduction {#sec1-1}
============

Animal models of spinal cord injury (SCI) can be useful to understand the pathophysiological progress and test potential therapies (Young, 2002; Cheriyan et al., 2014). Nevertheless, chronic progressive spinal stenosis caused by epidural spinal cord compression is very common clinically, accounting for 30--80% of non-traumatic SCI (Chagas et al., 2005; Uchida et al., 2005; Scivoletto et al., 2014). Compression can be caused by degeneration, tumor, tuberculosis, and hematoma (Manabe et al., 1988; Rajah et al., 2014; Fonseca et al., 2016; Rades et al., 2016; Tatsui et al., 2016; Watanabe et al., 2016). The precise pathophysiological mechanisms of chronic spinal cord compression remain poorly understood, but circulatory insufficiency leading to ischemia has been suggested as a possible contributor to neural degeneration (Karadimas et al., 2010; Kalsi-Ryan et al., 2013). Compression models of SCI can be established by reducing the diameter of spinal canal (Ziu et al., 2014), implanting polymers (Karadimas et al., 2013) or placing spacers in the epidural space (Dimar et al., 1999). Alternatively, epidural spinal cord compression can be achieved using calibrated clips (Nashmi and Fehlings, 2001; Weaver et al., 2001; Fehlings, 2009) or placing a specific weight in the epidural space (Perdiki et al., 1998; Li et al., 2004). However, most of these methods mimic compression acutely but not chronically. Most of the aforementioned models were designed for rats, and mouse compression models are rarely reported. Since transgenic mouse lines are much more abundant than transgenic rat lines, the establishment of mouse models is important for studies on the genetic or molecular mechanisms of SCI.

Therefore, the present study aims to establish a mouse model of chronic progressive spinal cord compression and evaluate its efficacy and the pattern between progressive hindlimb motor dysfunction and spinal cord histopathology based on behavioral and histopathological changes.

Materials and Methods {#sec1-2}
=====================

Animals and groups {#sec2-1}
------------------

A total of 48 adult healthy wild type female C57BL/6 mice weighing 20--25 g, aged 8 weeks were provided by the Guangdong Experimental Animal Center in China (license No. 11401300044788), and this study was approved by Animal Ethics Committee of Jinan University of China (approval No. 20162302023).

Animals were randomly divided into a control group (*n* = 12) and an experimental surgery group (*n* = 36). The surgery group was further subdivided into six groups (2-, 4-, 6-, 8-, 10-, and 12-week subgroups; *n* = 6), according to the length of time of screw insertion.

Each group of mice was housed in a separate cage, had free access to water and normal diet, in a room at 20--25°C and relative humidity of 60%.

Preparation of progressive compression models of SCI {#sec2-2}
----------------------------------------------------

Customized stainless steel flat-head miniscrews and matching nuts were made according to a previous study (Hautier et al., 2014). The thickness of the lamina near the spinous process in mice was 0.23 ± 0.01 mm; the sagittal diameter of the T~9~ vertebral canal was 1.37 ± 0.05 mm, and the transverse diameter was 1.70 ± 0.05 mm. Customized flat-head stainless steel miniscrew diameter 1.2 mm, pitch 0.2 mm, thread length 2.5 mm, and the thickness of matching bolt was 1 mm. All implants were customized and purchased from Huayi Metal (Dongguan, China).

Mice were anesthetized by intraperitoneal injection of 0.02 mL/g 1.25% tribromoethanol (Avertin, Sigma, Guangzhou, China), followed by skin preparation. Each mouse was placed in prone position, and a 1 mL preoperative dose of gentamicin (800 U/mL; Succhi Pharmaceutical, Zhongshan, China) was administered subcutaneously. Following disinfection with povidone iodine (Likang, Shanghai, China), an incision was made along the highest point of the spine (level of T~9~). The paraspinous muscles were stripped off and the lamina of T~9~ was completely exposed. The spine was stabilized with a spinal fixator at T~9~ and a 1-mm diameter flat-head drill bit was used for vertical drilling near spinous process. Care was taken to avoid drilling through the inner cortical layer of the lamina. The stabilizing nut was affixed to the lamina using glass ionomer cement. The minibolt was screwed in seven turns and entered the spinal canal (**Additional Figure 1**). Responses of the hindlimbs of mice were observed. If the hindlimbs became rigid, the tail was flicked or any other acute sign of SCI occurred when the bolt was being screwed in, the animal was excluded from the experiment; otherwise, implantation of the screw was considered successful. The muscles were then tightly sutured, leaving the nut of the flathead miniscrew subcutaneous, and the skin was sutured. Mice in the control group only received an incision to expose the T~9~ lamina and a drilled hole, without insertion of any screws. All mice in each group received a subcutaneous injection of 1 mL gentamicin (800 U/mL) for 3 days post-surgery. After surgery, the animals were placed on a heating pad (37°C) during recovery, they were then observed and fed as before. Voiding and bladder filling were checked regularly twice a day.

###### 

Flat-head screw was implanted to establish a model of thoracic spinal cord progressive compres-sion mouse.

\(A\) After drilling into the spinous process of the T~9~ lamina, the stabilizing nut was affixed using glass ionomer cement; (B) 1.2 mm diameter flat-head miniscrew was screwed in; (C) Side view of the position of the compression screw in the spinal cord tissue of an animal in the 4-week group. Arrows: yellow for glass ionomer cements; white for minibolt; blue for miniscrew.

###### 

Click here for additional data file.

Every 2 weeks for 2 months after the surgical procedure, based on different time points (which also refer to different progressive compression degree respectively), the skin of each mouse in the surgery subgroups was re-incised and the nut exposed and given one more turn into the canal (0.2 mm). At each turn of the screw, mice of each group received a subcutaneous injection of 1 mL gentamicin (800 U/mL) for 3 days, and were housed and fed as aforementioned. Throughout the study, if an animal died, or if severe infection or a loose screw were observed, the affected animals were excluded and immediately replaced.

Motor function evaluation {#sec2-3}
-------------------------

Basso Mouse Scale (BMS) scoring, EthoVision-assisted open-field testing, and CatWalk-assisted gait analyses were conducted at 2, 4, 6, 8, 10, and 12 weeks after surgery.

### BMS scoring {#sec3-1}

BMS primary scoring system is based on a scale that ranges from 0 (complete paralysis) to 9 points (completely normal) (Basso et al., 2006). The mice were placed on a flat surface and observed for 5 minutes. Hindlimb motor function was scored using the single-blind method by two independent, blinded observers. The mean score of both observers for the two hindlimbs was used as the BMS of the sample.

### EthoVision-assisted open-field test {#sec3-2}

Mice were placed under illumination (500 lux) in one corner of a 50 cm × 50 cm × 35 cm experimental box. The trajectories of mice were recorded for 15 minutes. Six mice from each group were continuously monitored. The XT 7.0 EthoVision video-tracking system (Noldus, Wageningen, Netherlands) was used to analyze trajectories and total distance (Noldus et al., 2001).

### CatWalk-assisted gait analysis {#sec3-3}

Gait analysis of mice from each group was conducted using the CatWalk XT video-assisted automated quantitative gait analysis system (Noldus). Each mouse was subjected to at least three assessments, each of which required continuous walking on a glass plate along a 50 cm path. The entire experiment was conducted in a dark, quiet environment. The CatWalk system automatically identified and tagged each paw print, then generated a series of parameters including: (1) paw print statistics (print length, print width, maximum contact area, mean intensity, stride length, swing, and swing speed); (2) general parameters (average speed and cadence); (3) step sequence parameters; and (4) base of support (Hamers et al., 2006; Neumann et al., 2009).

Motor-evoked potentials {#sec2-4}
-----------------------

To evaluate SCI recovery, the motor evoked potentials were assayed by electromyography at control, 4, 8, and 12 weeks following the previously described methods (Ding et al., 2014). First, the mice were anesthetized using 1.25% tribromoethanol (3.0 mL/kg). Then, a stimulating electrode was applied to the rostral ends of the surgical spinal cord. The recording electrode was placed in the biceps flexor cruris. The ground electrode was placed on the tail. A single square wave stimulus (0.5 ms, 1 Hz and 0.5 mA), with a 2-ms time delay, was used. The amplitude was measured from the initiation point of the first response wave to its highest point. Peak-to-peak amplitude was used to detect the nerve conduction function in the hindlimb of mice. All potentials were amplified and recorded using a digital oscilloscope RM6240BD (Chengdu Instrument Factory, Chengdu, China).

Histological and pathological observation {#sec2-5}
-----------------------------------------

Spinal cord specimens were acquired from sacrificed animals of the surgical group respectively at 2, 4, 6, 8, 10, and 12 weeks after screw implantation, while those of the control group taken at day 1 post-surgery. Mice were anesthetized by intraperitoneal injection of 1.25% tribromoethanol (0.02 mL/g body weight). Following thoracotomy, the left ventricle was rapidly perfused with 50 mL of normal saline and then perfused with 30 mL 4% paraformaldehyde for fixation. A spinal cord segment (4 mm in length) was resected from the level of T~9~ and fixed in 4% paraformaldehyde for 24 hours, then transferred into 30% sucrose solution until the tissue sank. After freezing, the tissues were cut into 15 μm sections. Nissl staining with 0.1% cresyl violet was used to visualize the density and distribution of neurons and glia.

For immunofluorescence, slices were incubated with the following primary antibodies: rabbit anti-mouse ionized calcium-binding adapter molecule 1 (Iba-1) (1:1,000; Abcam, Guangzhou, China) which was up-regulated in microglia following nerve injury (Li et al., 2014), rabbit anti-mouse glial fibrillary acidic protein (GFAP) (1:1,500; Abcam), expressed in the central nervous system in astrocytes (Hol and Pekny, 2015), and goat anti-mouse choline acetyltransferase (ChAT) (1:500; Millipore, Darmstadt, Germany), an immunohistochemical marker for motor neurons in central nervous system (Han et al., 2015) incubated for 12 hours at 4°C. Fluorescent Alexa Fluor488 horse anti-rabbit and horse anti-goat secondary antibodies (1:1,000; Invitrogen, CA, USA) were used for visualization after 60 minutes at 37°C. An inverted fluorescence microscope (Leica DM6000, Wetzlar, Germany) was used to capture images and conduct further analysis. To determine the total number of neurons, the number of ChAT^+^ motor neurons in both spinal cord anterior horns was estimated. Iba1 and GFAP staining was conducted for the morphology and activation of microglia and astrocytes respectively (Han et al., 2015).

Statistical analysis {#sec2-6}
--------------------

Data were processed and analyzed with the SPSS 19.0 statistical software (IBM, Armork, New York, USA) and presented as mean ± SD. One-way analysis of variance was used to compare the BMS scores, the EthoVision-assisted behavioral test, CatWalk-assisted gait analysis results, Motor evoked potentials, peak-to-peak amplitude and ChAT^+^ motor neuron counts among the groups. The Student-Newman-Keuls test was used for further comparisons between two groups. *P* \< 0.05 was considered to be statistically significant.

Results {#sec1-3}
=======

Motor function change in progressive compression models of SCI {#sec2-7}
--------------------------------------------------------------

### BMS scoring {#sec3-4}

Control mice scored 9 points and demonstrated good hindlimb motor function. In the experimental groups BMS declined gradually from 8.60 ± 0.22 at 2 weeks to 4.00 ± 0.39 at 12 weeks (**[Figure 1](#F1){ref-type="fig"}**), as compression of the screw was increased. In addition to the 2-week group and BMS assessment 1 day post-surgery, BMS scores of the other experimental groups at 6, 8, 10 and 12 weeks were significantly lower than those of the control group (*P* \< 0.0001); significant differences were also noted between the control (assessed 1 day post-surgery) and 4-week group (*P* \< 0.05); the 4- and 8-week groups (*P* \< 0.0001); and the 8- and 12-week groups (*P* \< 0.0001).

![Change of Basso Mouse Scale (BMS) scores in progressive compression models of spinal cord injury.\
Mice with low BMS scores had poorer hindlimb function. The two weekly BMS of the six mice in the control group scored 9 points throughout the 12 weeks post-surgery. In surgery groups, as compression increased, BMS scores declined gradually. Data are expressed as the mean ± SD (*n* = 6 mice per group), and analyzed by one-way analysis of variance. \**P* \< 0.05, \*\*\*\**P* \< 0.0001, *vs*. control group. Control group: Did not receive the screw injury; surgery group: progressive spinal cord compression injury. d: Day; w: weeks.](NRR-12-1365-g002){#F1}

### EthoVision-assisted open-field test {#sec3-5}

**[Figure 2](#F2){ref-type="fig"}** shows that mice from both the control and surgery groups preferred to move around the periphery of the open field, and occasionally crossed the central area. The total distance of travel by controls was 47.57 ± 7.73 m. Although the total distance declined from 44.07 ± 9.77 m in the 2-week group to 35.14 ± 8.38 m in the 12-week group there were no significant differences between the groups (*P* \> 0.05).

![Change of EthoVision-assisted Open-field test in progressive compression models of spinal cord injury.\
(A--D) The trajectories were indicated with red lines in the control, 4-week, 8-week, and 12-week groups, respectively. The trajectories of open field actually declined slightly but without significant difference. (E) The total distance in 15 minutes. Data are expressed as the mean ± SD (*n* = 6 mice per group), and analyzed by one-way analysis of variance. Control group: Mice did not receive the injury; 2-, 4-, 6-, 8-, 10-, 12-week groups: after 2, 4, 6, 8, 10, 12 weeks of progressive spinal cord compression injury.](NRR-12-1365-g003){#F2}

### CatWalk-assisted gait analysis {#sec3-6}

The maximum contact areas and paw print lengths gradually declined and were significantly shorter compared to control group by 4 weeks post-surgery (*P* \< 0.05) (**Figure [3A](#F3){ref-type="fig"}**, **[B](#F3){ref-type="fig"}**). The maximum contact areas of the left and right hind paws reduced from 0.13 ± 0.03 cm^2^ and 0.13 ± 0.03 cm^2^ in the control group to 0.02 ± 0.03 cm^2^ and 0.04 ± 0.03 cm^2^ in the 12-week group, respectively. The paw print length of the left and right hind paws reduced from 0.58 ± 0.07 cm and 0.60 ± 0.06 cm in the control group to 0.17 ± 0.16 cm and 0.22 ± 0.33 cm in the 12-week group, respectively. The mean intensity increased slightly up to 4 weeks after surgery, then gradually declined (**[Figure 3D](#F3){ref-type="fig"}**). Except for the 2- and 4-week groups, significant differences were also noted between the 2-week and other groups and between 6-week and 10- or 12-week groups (*P* \< 0.01).

![Change of CatWalk-assisted gait analysis in progressive compression models of spinal cord injury.\
Gait analysis of mice from each group was conducted using the CatWalk XT automated quantitative gait analysis system. (A--K) Maximum contact area, print length, print width, mean intensity, swing, swing speed, stride length, average speed and cadence, step sequence and base of support, respectively. According to movement sequence of limbs, the step sequence pattern (J) RB to CA respectively refer to: RB: LF-RF-RH-LH; RA: RF-LF-LH-RH; AB: LF-RH-RF-LH; AA: RF-RH-LF-LH; CB: LF-RF-LH-RH; CA: RF-LF-RH-LH; LF: left front; RF: right front; LH: left hind; RH: right hind. Data are expressed as the mean ± SD (*n* = 6 mice per group), and analyzed by one-way analysis of variance. \**P* \< 0.05, \*\**P* \< 0.01. \#*P* \< 0.05, *vs*. RB, RA, AA, CB, and CA; †*P* \< 0.05, *vs*. front paws. Control group: Mice did not receive the injury; 2-, 4-, 6-, 8-, 10-, 12-week groups: after 2, 4, 6, 8, 10, 12 weeks of progressive spinal cord compression injury.](NRR-12-1365-g004){#F3}

The mean right hindlimb stride length declined gradually from 4.07 ± 0.45 cm at 2 weeks to 1.61 ± 0.78 cm at 12 weeks (**[Figure 3G](#F3){ref-type="fig"}**). The stride lengths of both hindlimbs differed significantly between the control and 4-week groups, the 4- and 8-week groups, and the 8- and 12-week groups (*P* \< 0.05). Although the print width and the swing speed of hind paws in the surgery groups were generally less than those in the control group (swing speed from 32.51 ± 8.21 cm/s at 2 weeks to 12.24 ± 8.11 cm/s at 12 weeks, right hindlimbs print width from 0.63 ± 0.09 cm at 2 weeks to 0.29 ± 0.28 cm at 12 weeks) no other patterns were observed (**Figure [3C](#F3){ref-type="fig"}**, **[F](#F3){ref-type="fig"}**). The average speed of mice of the control group compared to that at each interval or group exhibited a downtrend with aggravating compression with time from 17.37 ± 2.00 cm/s at 2 weeks to 4.35 ± 1.80 cm/s at 12 weeks (**[Figure 3H](#F3){ref-type="fig"}**). Although from 6 weeks onward, this change was mitigated. Significant differences were noted between the control and 2-week groups (*P* \< 0.01), the 2- and 4-week groups (*P* \< 0.01), and the 4- and 8-week groups (*P* \< 0.05).

Cadence in each group was also reduced with increasing spinal cord compression from 11.94 ± 2.30 steps/s at 2 weeks to 5.24 ± 1.16 steps/s at 12 weeks (**[Figure 3I](#F3){ref-type="fig"}**), and significant differences were noted between the control and 4-week groups and the 8- and 12-week groups (*P* \< 0.01, *P* \< 0.05, respectively); whereas a plateau was noted between the 4- and 8-week groups. The step sequence (**[Figure 3J](#F3){ref-type="fig"}**) data captured by the CatWalk gait analysis system at 10 and 12 weeks post-surgery were poor or missing, since mice of the surgery groups showed a significant decline in spontaneous activity and hindlimb locomotor activity. Therefore, these groups were excluded in the statistical analysis. The regular step sequences of normal mice declined from 67.01 ± 10.24% in the control group to 46.27 ± 24.02% in the 8-week group; however, no significant differences were noted in other step sequences. The base of support of hindlimbs first increased with increasing aggravation of compression from 1.87 ± 0.13 cm in the control group to 2.55 ± 0.28 cm in 4-week group (*P* \< 0.05), and then to 3.42 ± 0.26 cm in the 8-week group (*P* \< 0.01); however, this was later reduced to 1.99 ± 0.60 cm in the 12-week group (*P* \< 0.01) (**[Figure 3K](#F3){ref-type="fig"}**).

Motor evoked potentials in progressive compression models of SCI {#sec2-8}
----------------------------------------------------------------

As expected, the amplitude (peak-to-peak amplitude) of motor evoked potentials declined from 2.02 ± 0.37 mV at 2 weeks to 0.95 ± 0.41 mV at 12 weeks. The amplitude of motor evoked potentials was significantly reduced in a time-dependent manner (*P* \< 0.05) (**[Figure 4](#F4){ref-type="fig"}**).

![Change of motor evoked potentials in progressive compression models of spinal cord injury.\
Peak-to-peak amplitude (P-P value) was used to detect the nerve conduction function in the hindlimb of mice. Data are expressed as the mean ± SD (*n* = 6 mice per group), and analyzed by Student-Newman-Keuls test. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. Control group: Mice did not receive the injury; 4-, 8-, 12-week group: after 4, 8, 12 weeks of progressive spinal cord compression injury.](NRR-12-1365-g005){#F4}

Histological and pathological changes in progressive compression models of SCI {#sec2-9}
------------------------------------------------------------------------------

The gross morphology of the spinal cord in the control group remained intact. It had a smooth surface and signs of mild adhesion and bleeding on the dura mater around the drilling site of T~9~ lamina. Among the surgery groups, a mild dent on the dorsal medial spinal cord was observed in the spinal cord of mice in the 4-week post-surgery group, part of which was slightly adhered to the lamina. At 8 weeks after surgery, a lateral view of the spinal cord revealed a prominent dorsal indentation (**[Figure 5](#F5){ref-type="fig"}**).

![Change of spinal cord gross morphology in progressive compression models of spinal cord injury.\
Black arrows point to the dura mater beneath drilling site of lamina in control group (A); whereas those in 4-week (B) and 8-week (C) groups are increasingly concave, suggesting the oppression point. Control group: Mice did not receive the injury; 4-, 8-week groups: after 4, 8 weeks of progressive spinal cord compression injury.](NRR-12-1365-g006){#F5}

In comparison to the control group, the number of neurons in the anterior (ventral) horn of the compressed segments in the surgery groups began to decline over time as compression increased. Four weeks after surgery, the number of neurons in ventral horn was normal but gaps appeared in the periphery. The number of vacuoles in parenchymal glial cells had increased. Eight weeks after surgery, the number of neurons had reduced significantly and their cell volumes were relatively small. Their distribution was also disorganized, as evidenced by blurred Nissl bodies (**Figures [6A](#F6){ref-type="fig"}**-**[D](#F6){ref-type="fig"}**). Histological micrographs at other time points are not listed because of they are intermediate to adjacent time points.

![Histological and pathological changes in progressive compression models of spinal cord injury.\
(A--D) Nissl staining: Compared to the control group, the number of neurons in the anterior horn of the compressed segments in the surgery groups began to decline over time as compression increased (arrows indicate neurons in ventral horn). (E--H) Choline acetyltransferase (ChAT) immunostaining suggested that compared to the control group, the number of neurons in the anterior horn of the spinal cord in the surgery groups exhibited a steady decline over time, with increasing compression. We chose 1 section located 1 mm distal from compression site of T~9~ level for histology (Arrows indicate ChAT^+^ motor neurons). (I--L) Glial fibrillary acidic protein (GFAP) immunostaining revealed that compared to the control group, as the compression increased, astrocytes around the compression site began to exhibit hypertrophic cell bodies and slightly enhanced expression from 4 weeks post-surgery to 8 weeks post-surgery; by 12 weeks, the phenotypes recovered to levels that were similar to that observed 4 weeks after surgery (arrows indicate activated astrocytes); (M--P) Ionized calcium-binding adapter molecule 1 (Iba1) immunostaining revealed that most microglia in the control group were in a resting state, and the number of Iba1-positive cells in the 8-week group was significantly increased, whereas by 12 weeks, the phenotypes recovered to levels that were similar to that observed 4 weeks post-surgery (arrows indicate activated microglia). Histological micrographs at other time points are not shown because of their similarity with adjacent time points. Control group: Mice did not receive the injury; 4-, 8-, 12-week groups: after 4, 8, 12 weeks of progressive spinal cord compression injury.](NRR-12-1365-g007){#F6}

ChAT immunostaining suggested that in comparison to the control group, the number of ChAT^+^ neurons in the anterior (ventral) horn of the spinal cord in the surgery groups exhibited a steady decline over time, with increasing oppression. The mean number of neurons in the bilateral anterior horns of the compressed T~9~ segment (**[Figure 7](#F7){ref-type="fig"}**) was reduced from 10.80 ± 1.20 in the control group (*n* = 6) to 8.60 ± 0.55 in the 8-week group (*P* \< 0.05), then further reduced to 5.00 ± 1.22 in the 12-week group (*P* \< 0.0001 vs. 8-week group). By 12 weeks post-surgery, only a small number of neurons survived (**Figure [6E](#F6){ref-type="fig"}**--**[H](#F6){ref-type="fig"}**).

![Change of choline acetyltransferase-positive (ChAT^+^) motor neurons (MNs) in ventral horn in progressive compression models of spinal cord injury.\
The mean number of ChAT^+^ neurons in the bilateral anterior horns of the compressed T~9~ segment decreased after 4 weeks post-surgery. Data are expressed as the mean ± SD (*n* = 6 mice per group), and analyzed by Student-Newman-Keuls test. \**P* \< 0.05, \*\*\*\**P* \< 0.0001. Control group: Mice did not receive the injury; 2-, 4-, 6-, 8-, 10-, 12-week groups: after 2, 4, 6, 8, 10, 12 weeks of progressive spinal cord compression injury.](NRR-12-1365-g008){#F7}

GFAP immunostaining revealed that astrocytes around the compression site began to exhibit hypertrophic cell bodies and GFAP expression was slightly enhanced after 4 weeks post-surgery, compared with the control group. Astrocytes in the margins of the compression site exhibited significantly increased GFAP expression, disorganized distribution, and local glial scar formation at 8 weeks post-surgery. By 12 weeks, the phenotypes exhibited recovery to levels that were similar to that of 4 weeks after surgery (**Figure [6I](#F6){ref-type="fig"}**--**[L](#F6){ref-type="fig"}**).

Iba1 immunostaining revealed that most microglia in the control group were in a resting state, whereas the number of Iba1-positive cells in the 8-week group had significantly increased. These cells contained coarse granules and their shape was noticeably hypertrophic with amoeba-like morphology. This increase in the number and expression of microglial cells is an indication of the cell transformation from a resting to an activated state. With further aggravation of compression, the number of activated microglial cells increased; however, by 12 weeks levels they recovered to numbers similar to those observed 4 weeks after surgery (**Figure [6M](#F6){ref-type="fig"}**--**[P](#F6){ref-type="fig"}**).

Discussion {#sec1-4}
==========

The proportion of SCI patients increased from 7.0% to 14.0% from 2003 to 2011 according to a Chinese study (Yang et al., 2014). Within recent years, global SCI incidence has risen to 83 cases/million people or higher (Hamers et al., 2006; Selassie et al., 2015; Aslam and Fausel, 2016; Knox, 2016; Kristinsdottir et al., 2016; Bárbara-Bataller et al., 2017); however, the social and economic losses are not proportionate to its incidence. Severe disability and death lead to substantial financial and social costs; therefore, SCI has been a focal area of research in spinal surgery and neurosurgery. With the aging population in present-day society, the incidence of degenerative spondylosis caused by spinal stenosis, chronic spinal cord compression, and nerve root disorders has also risen (Neumann et al., 2009). Pathophysiological studies of SCI caused by chronic suppression have attracted increasing attention, and SCI models have become critical tools in solving the clinical challenges associated with the condition.

Ideal SCI models should achieve anatomical, histological, behavioral, and even physiological and molecular biological consistency; moreover, the results should be repeatable. As mentioned before, murine models of acute SCI and chronic compression model of rats have been well developed; however, few chronic SCI mouse models are available at present. Models with various injury mechanisms could meet the requirements for research at different levels as it relates to behavior, histology, and molecular biology (Sekhon and Fehlings, 2001). In fur-ther research, we will use a variety of gene knockout mice to study aspects of neuroimmunology and metabolism to elucidate the mechanism of chronic spinal cord injury.

In the present study, we established such an experimental chronic compression mouse model of SCI. We found that hindlimb motor dysfunction correlated with the degree of compression of the spinal cord. BMS scores decreased with aggravation of spinal cord compression 8 weeks after surgery. However, after 8 weeks, when there was no further compression, the BMS scores continued to decline. This outcome might be correlated to tissue ischemia caused by prolonged compression, as well as the loss of motor neurons, as confirmed and reviewed by other researchers (Wyndaele and Wyndaele, 2006). So far we had not verified this in our model. Open field actually declined slightly but not significantly; we believe that the front limbs compensate partially for the functional deficiency of the hindlimb. Such changes were reflected in front limb CatWalk data, which are not present in these results because our main focus was hindlimb motor function. As a computer-assisted open-field test, the EthoVision behavioral test can detect spontaneous activities of mice that can be modified by fear, anxiety (Fehlings et al., 2015), and stress aroused by experiments such as pain (Lee-Kubli et al., 2016) and anesthesia. We found that the mouse model does not exhibit a significant reduction in spontaneous activities following surgical compression, which makes any behavioral changes even more significant.

CatWalk-assisted gait analysis of chronic SCI has been reported (Datto et al., 2015; Forner et al., 2016; Kang et al., 2016). In the present study, the maximum contact areas of the hind paws declined gradually. This consequence is not consistent with those of other studies on mouse transection and contusion models of SCI (Hefner and Holmes, 2007). The swing is both relatively sensitive to speed, and independent of speed. Previous studies have suggested that in acute SCI models, the swing is shortened within 3 weeks, but then increases 4 weeks post-surgery (Hefner and Holmes, 2007). This is consistent with the results of the present study at 4 weeks. However, some studies have reported a steady increase in swing following injury (Pham et al., 2009), so more studies are needed to resolve such differences. The base of support measurements in the present study gradually increased after 8 weeks, along with an increasingly unsteady gait. These are consistent with the findings of previous studies (Hefner and Holmes, 2007). However, the reason for the gradual decline after 8 weeks requires further study. The stride length of the hind paws was reduced; this finding is similar to that of the contusion model of acute SCI, but different from that of the dorsal transection model of SCI (Hefner and Holmes, 2007). The frequency of the regular step sequence in mice with spinal cord compression showed a reduction, and that of an abnormal gait showed a relative increase (Hasnie et al., 2007). The maximum contact areas of bilateral front paws and the paw print width increased with aggravation of the spinal cord compression; however, no significant differences were noted between groups. In contrast, the swing and stride length of front paws both exhibited a shortening trend. This change in stride length of the front paws was similar to that of the hind paws; however, other related parameters exhibited no specific patterns. We found that the histological properties of the spinal cord in this model correlated with the degree of compression. Nissl and ChAT staining confirmed that the number of neurons in the anterior (ventral) horns gradually declined before 8 weeks, with only a minority remaining by 12 weeks. This interval is consistent with the time around which the number of neurons decline in a rat model of chronic compression of the thoracic spinal cord (Cheng et al., 1997). Currently, it is accepted that activated astrocytes play a role in axonal repair and promote functional recovery of nerves following SCI (Klapka et al., 2005; Hendriks et al., 2006). Since progressive screw compression for up to 8 weeks simulated sustained constriction injury, GFAP staining suggests that the period of astrocyte activation correlated with that of a continual increase in compression. This finding is consistent with a previous report on constriction injuries (Hendriks et al., 2006).

Microglia, inflammatory cells in the central nervous system, play important roles in immunity (Faulkner et al., 2004; Kasahara et al., 2006), cytotoxicity (Davies et al., 2011), and repair (Wirenfeldt et al., 2011). Iba1 staining showed that the timing of microglia activation was consistent with that of progressive compression. Although motor dysfunction of the hindlimbs continued to worsen after 8 weeks, by 12 weeks, microglial cells exhibited less reactivity than before. Reports regarding the reactivity of microglia subjected to prolonged compression are lacking, whereas those in brain research confirmed that necrosis results in a glial scar (Boltze et al., 2012; Qin et al., 2015). Furthermore, locomotor dysfunction is apparently not associated with the detrimental effects of microglial activation, but might be associated with the significant reduction of motor neurons in the anterior (ventral) horn, spinal cord ischemia, and demyelination (Aloisi, 2001). In our future research, we plan to explore changes in the inflammatory cytokine profile, after perfecting this chronic compression model of SCI, as well as its relationship with the chronic pathological changes of the spinal cord and neurological function.

By combining repeatable motor function evaluations and histological observations, we successfully generated a progressive flat-head screw compression mouse model of thoracic SCI. This model is simple and reproducible. Considering the volume of the spinal canal in the mouse and the thickness of the lamina, we used a flat-head screw to replace the general expandable material (Kurokawa et al., 2011), spacer (Dimar et al., 1999), and balloon (Kasahara et al., 2006) techniques previously utilized to simulate epidural oppression. We quantitatively controlled the depth of compression in the spinal canal by screwing in a specific number of turns. CatWalk-assisted gait analysis demonstrated the consistency between the degree of spinal cord compression and that of locomotor dysfunction in the hindlimbs. Although a microscope was used during surgery to increase the accuracy of placing the relevant devices and a stereotaxic instrument was used to fix the cranial microdrill and prevent interference with the spinal cord during drilling process, there were losses of subjects (2/42) from acute SCI during surgery or loosening and displacement of the implanted screw (3/36). Despite administration of antibiotics to prevent infection post-surgery, 2/42 animals were lost to serious infections. These animals had to be excluded and replaced. To prevent surgical failure and postoperative complications, refined surgical procedures, good postoperative care, and regular monitoring are required. We regularly observed voiding and bladder filling throughout the study. Although micturition and bladder function were not quantified, that might be worth including in future studies.

In the present mouse model, progressively increasing screw compression in each experimental group induced different types of SCI. The present study therefore provides preliminary exploration of the feasibility and reproducibility of the progressive screw compression model of SCI in mice. Since our histological study and gait analysis of mice yielded different degrees of compression at the same interval, or similar degrees of compression at different intervals, further study is necessary.In summary, the experiment successfully established a progressive compressive thoracic SCI model in mice that is reproducible, simple, and practical, which can simulate posterior epidural spinal cord compression. Evaluation of motor function and histopathological observations suggest that the degree of compression by screw is associated with locomotor dysfunction and spinal cord tissue damage in experimental animals. These make it a preferred chronic compression SCI model in mice. This novel mouse model of chronic spinal cord compression provides a reliable basis for further basic and clinical studies on chronic SCI.
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